Background: Circulating endometrial cells (CECs) have been reported to be present in the peripheral blood of women with endometriosis (EM), providing clear and specific evidence of the presence of ectopic lesions. In this study, we established a method with a high detection rate of CECs, assessed the diagnostic value of CECs for EM and compared with serum CA125, and proposed a hypothesis for the pathogenesis of EM from the new perspective of CECs. Methods: The participants were enrolled prospectively from October 2015 to July 2016. The peripheral blood samples were collected from 59 participants, and the blood cells were isolated for immunofluorescence staining via microfluidic chips. The cells that were positive for vimentin/cytokeratin and estrogen/progesterone receptor and negative for CD45 were identified as CECs. The serum CA125 level was tested with electrochemiluminescence immunoassay. Results: The detection rate of CECs reached 89.5% (17/19) in the EM group, which was significantly higher than that of the control group (15.0% [6/40], P < 0.001) and was independent of menstrual cycle phases. Furthermore, a positive CEC assay detected 4/5 cases of Stage I-II EM. In contrast, a positive CA125 test had limited value in detecting EM (13/19, 68.4%) and detected only one case of Stage I-II EM. Conclusion: CECs are promising biomarkers for EM with great potential for a noninvasive diagnostic assay.
IntroductIon
Endometriosis (EM) is defined as the presence of endometrial glands and/or stroma in any location outside of the uterine cavity. The ectopic endometrial tissue can be present in the peritoneum, pelvic organs, and even in distant organs such as the lung and brain. EM typically causes infertility, pelvic pain, and ovarian masses. [1] Its prevalence among women of reproductive age is approximately 10%, which might be an underestimate because the gold standard diagnostic method is invasive laparoscopy, and in some patients, the clinical symptoms are not typical. Furthermore, in the absence of a reliable clinical marker, the diagnosis of EM is usually delayed by an average of 7-11 years. [2] The infertility, pelvic pain, and high medical expenses that patients experience during the lengthy process of seeking a diagnosis and treatment for EM severely influence their quality of life. [3] Therefore, diagnostic methods that are more convenient and less invasive are urgently needed.
In recent years, a novel noninvasive test that measures circulating tumor cells (CTCs) has received increasing attention in the field of cancer research. It has been extensively applied in studies of the mechanism of metastasis and in the early diagnosis and prediction of prognosis for a variety of cancers. [4, 5] Although EM is a benign disease, it has many malignant features such as dissemination, implantation, and metastasis. The postoperative 5-year recurrence rate of EM is approximately 50%, and the malignant transformation rate is approximately 1%. [6, 7] In addition, endometrial cells in EM lesions including primary cells [8, 9] and immortalized cell lines [10] have similar invasive properties to tumor cells, thus making their entry into circulation possible. A recent study reported the presence of endometrial cells, referred as circulating endometrial cells (CECs), in the peripheral blood of EM patients; these cells provide clear and specific evidence for the presence of active ectopic lesions and could be used as a novel biomarker for EM. [11] There are many theories regarding the pathogenic mechanism of EM, and the retrograde menstruation theory proposed by Sampson is the most recognized. This theory proposes that ectopic lesions develop through the implantation of endometrial fragments that retrogradely flow into the pelvic cavity via menstrual blood. A limitation of this theory is that the retrograde menstruation phenomenon is present in a majority of fertile women, but only approximately 10% of them may develop EM. The vascular metastasis theory proposes another route of metastasis and suggests that blood circulation transfers the endometrial tissue fragments. [12] Although this transfer mechanism is still poorly understood, CECs provide powerful evidence in support of this theory and are beneficial for elucidating the metastatic process, which could facilitate both basic and clinical research.
In contrast to CTCs, the use of CECs as a biomarker for EM is a comparatively new concept, and many aspects still require investigation. Its detection rate reported in the literature was relatively low (23.5%), [11] which limited the future applications. Therefore, by establishing a novel method with an improved detection rate for the identification of CECs, this study aimed to assess the suitability of CECs as a biomarker for EM and compared the diagnostic performance with another putative clinical marker, serum CA125.
methods

Ethical approval
This study was approved by the Ethics Committee of the Peking University People's Hospital, and informed consent was obtained from all the enrolled individuals.
Study participants
The participants were enrolled prospectively from October 2015 to July 2016. The inclusion criteria consisted of women between 18 and 50 years old receiving surgical treatment due to the detection of ovarian masses by ultrasound. In addition, asymptomatic women with regular menstruation and normal transvaginal ultrasound results were recruited as healthy controls.
All enrolled individuals were not pregnant, had not undergone menopause, had no other malignant tumors, had no history of cancer, and had not used steroid hormones within 3 months before the study enrollment.
Specimen collection
Peripheral blood was collected from the patients in two blood collection tubes (367,983 and 367,861, BD Biosciences, USA) 1 day before surgery (4.5 ml/tube). The blood samples from healthy volunteers were collected on the 1 st or 2 nd day of the menstrual period. The first tube containing the silicone salt was centrifuged at 2500 ×g for 10 min at 4°C for serum separation. The serum was divided into 200 μl aliquots and stored at −80°C for the CA125 test. The second tube containing the anticoagulant K 2 ethylenediaminetetraacetic acid (EDTA) was centrifuged at 500 ×g for 5 min at 4°C for the CEC assay. The supernatant was discarded, and the blood cells were resuspended in wash buffer (1X phosphate-buffered saline, 1% bovine serum, and 8 mM EDTA) (Wisent, Canada).
Detection of circulating endometrial cells
The cell suspension was injected into a microfluidic chip at a rate of 0.5 ml/h under the control of an injection pump, as described previously. [13] The cells were captured using the size-based microfluidic chip (CapitalBio, China) with patterned micropillars [ Figure 1a ]. The gap of the pillars ranged from 6 μ, which allowed most red blood cells and white blood cells to flow through, [13] to 25 μ to capture the endometrial cells (8-30 μ [11] ). Immunofluorescence staining was used to identify the cells inside the chip. The captured cells were fixed for 20 min by injecting 4% paraformaldehyde and permeabilized with 0.1% Triton X-100 (Sigma, USA) for 10 min, followed by blocking for 20 min with 10% bovine serum (Wisent). The cells were then incubated with the primary antibodies and 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen, USA) overnight at 4°C and with secondary antibody at room temperature the next morning. The images were acquired with an inverted fluorescence microscope (DM IL LED, Leica, Germany). The primary antibodies included phycoerythrin (PE)-labeled anti-vimentin mouse monoclonal antibodies (1:100, Abcam, UK), PE-labeled anti-pan cytokeratin mouse monoclonal antibodies (1:100, Abcam), anti-estrogen receptor (ER) rabbit monoclonal antibodies (1:100, Abcam), and anti-progesterone receptor (PR) rabbit monoclonal antibodies (1:200, Abcam), which were used to identify the endometrial cells. Alexa Fluor 647-labeled anti-CD45 mouse monoclonal antibodies (1:20, BioLegend, USA) were used to exclude white blood cells. The secondary antibodies were Alexa Fluor 488-conjugated goat anti-rabbit antibodies (1:1000, Invitrogen).
Measurement of serum CA125
T h e s e r u m C A 1 2 5 l e v e l w a s q u a n t i f i e d b y electrochemiluminescence immunoassay on a Cobas e411 automated analyzer system (RocheDiagnostics GmbH, Germany) in the Department of Clinical Laboratory of the Peking University People's Hospital according to manufacturer's protocols. The range of CA125 assay was 0.600-5000 U/ml and the cutoff value was 35 U/ml.
Statistical analysis
In our preliminary results, the detection rates of CECs in EM, other benign masses, and the healthy control group were 71.4%, 25%, and 12.5%, respectively. The sample size was calculated to be eight women per group, using the 2-sample noninferiority or superiority, with a power of 80% and an alpha of 5%. The statistical analysis was performed using SPSS software (version 22.0, IBM, USA). The normality of the data was examined using the Kolmogorov-Smirnov test. Age is expressed as mean ± standard deviation (SD), and parity is expressed as the median (range). The differences in the detection rates of CECs and serum CA125 among the groups were compared using the Chi-square test. A value of P < 0.05 was considered statistically significant.
resuLts
Measurement of circulating endometrial cells
Participant characteristics A total of 59 patients were recruited for this study, among which 44 patients had received surgical treatment with pathological diagnosis. Nineteen cases were confirmed to have EM, and 25 cases were absent of EM (including 16 cases of other benign ovarian masses, 4 cases of ovarian cancer, and 5 cases of other benign ovarian masses combined with adenomyosis of the uterus) [ Table 1 ]. In the EM group, the mean age was 33.4 ± 7.8 years (22-45 years), and the mean BMI was 21.5 ± 2.8 kg/m 2 (17.4-26.7 kg/m 2 ). In total, 13 cases (68.4%) had dysmenorrhea, 13 cases (68.4%) were in the proliferative phase, and 6 cases (31.6%) were in the secretory phase. The EM stages were determined according to the revised American Fertility Society Classification, and there were 5 cases (26.3%) of Stage I-II and 14 cases (73.7%) of Stage III-IV. In addition, 15 asymptomatic women with regular menstruation and normal transvaginal ultrasound results were recruited as healthy controls. The characteristics of the control groups are shown in Table 1 .
Detection rate of circulating endometrial cells
The presence of CECs was assessed in all participants. The cells that were positive for DAPI, vimentin/pan-CK, and ER/PR and negative for CD45 were identified as CECs [ Figure 1a ]. Among the 19 EM patients, 17 cases had detectable CECs, and the detection rate reached 89.5%, which was significantly higher than that of the control group (6/40, 15.0%, P < 0.001) [ Figure 1b] . Of the 40 controls, CECs were detected in 3/15 of the healthy controls, 2/16 of the patients with other benign masses, 0/4 of the patients with ovarian cancer, and 1/5 of the patients with adenomyosis.
Circulating endometrial cells and menstrual cycle
We analyzed the CEC detection rates during different phases of the menstrual cycles of the control group and the EM group to examine the relationship between CECs and the menstrual cycle phases. In the control group, CECs were detected in 3 of 13 cases during the menstrual phase, 1 of 16 cases during the proliferative phase, and 2 of 11 cases during the secretory phase, and the corresponding detection rates were 23.1%, 6.3%, and 18.2%, respectively, which were not significantly different (P = 0.425) [ Figure 1c ]. In the EM group, CECs were detected in 12 of 13 cases during the proliferative phase and 5 of 6 cases during the secretory phase, and the corresponding detection rates were 92.3% and 83.3%, respectively, which were not significantly different (P = 0.554) [ Figure 1d ].
Diagnostic performance of circulating endometrial cells
Circulating endometrial cells, serum CA125, and endometriosis Employing a clinical cutoff of >35 U/ml, CA125 tests were positive in 13 of 19 patients with EM (68.4%), which was also higher than that of the control group (12/40, 30.0%; P = 0.005). Of the six patients who were negative for the CA125 test, five were positive for the CEC assay. Conversely, of the two patients who were negative for the CEC assay, one was positive for the CA125 test [ Table 2 ]. The CECs sensitivity was 17/19 (89.5%) and CA125 sensitivity was 13/19 (68.4).
Circulating endometrial cells, serum CA125, and stage of disease
We also evaluated the relationship between CECs, serum CA125, and stage of disease [ Figure 2 ]. The positive rates of the CEC assay for Stage I-II and Stage III-IV EM were 80.0% (4/5) and 92.9% (13/14), respectively, and they were not significantly different (P = 0.468). Compared with the other benign ovarian masses and healthy controls, there was still a significant difference (P < 0.001). However, the difference in the positive rates of the CA125 assay between Stage I-II and Stage III-IV EM was significant (P = 0.017). The positive rate for Stage I-II EM was only 20.0% (1/5), which was significantly lower than that for Stage III-IV EM (85.7%, 12/14), but it was not significantly different from the positive rates for the other benign ovarian masses and healthy controls (P = 0.609).
Diagnostic performance
The diagnostic performance of the CEC assay and CA125 for EM was examined [ Table 3 ]. Among the 35 patients with EM and other benign ovarian masses, the CEC assay had 89.5% sensitivity and 87.5% specificity, while the CA125 assay had 68.4% sensitivity and 87.5% specificity. In distinguishing EM from healthy controls, the CEC assay had 89.5% sensitivity and 80.0% specificity, while the CA125 assay had 68.4% sensitivity and 73.3% specificity.
dIscussIon
In this study, we established an efficient detection method for CECs and validated the presence of CECs in the peripheral blood of EM patients. The present study evaluated for the first time the clinical significance of CECs in the diagnosis of EM. These results not only provide a basis for the establishment of a novel noninvasive diagnostic method for EM but also provide new insights into the pathogenesis of this enigmatic disease.
In the early 20 th century, Sampson [14] histologically confirmed that there were endometrial tissue fragments in the uterine veins of four patients with either peritoneal/ovarian EM or adenomyosis during the menstrual phase. In our study, CECs were detected in 89.5% of patients with ovarian EM, indicating that the endometrial tissue could enter not only the confined uterine vessels but also the peripheral circulation in the form of CECs. These results suggested that vascular metastasis may also play an important role in the development of intrapelvic EM. Our results also suggested that CECs could survive in circulation regardless of menstrual cycle phases. It has been reported that endometrial cells in EM lesions have invasive properties that are similar to tumor cells [8] [9] [10] and that the local immune cell subpopulation is dysregulated. [15] Hence, we propose the following hypothesis for the pathogenesis of EM from the new perspective of CECs: endometrial cells might enter circulation, escape immune attack, and survive to be transferred for ectopic implantation in a suitable microenvironment and develop into EM. This hypothesis could be an important supplement to the retrograde menstruation theory, which is generally thought to better explain the development of extrapelvic EM, and it could also explain the development of EM in rare locations such as in the nasal cavity and lung.
It is worth noting that only one case had detectable CECs among the five adenomyosis patients. As another type of EM, adenomyosis involves the invasion of endometrial glands and stroma into the myometrium. However, the pathogenesis of adenomyosis differs from EM and is considered a result of the invagination and abnormal in-growth of the basal endometrium into the myometrium. [16] Our results supported the differences in the pathogenesis of these two diseases but still suggested the possibility that a minority of cases of adenomyosis may be a consequence of CECs implanting in the myometrium.
Currently, few studies have investigated the role of CECs in either EM or adenomyosis, and one major reason for this may be the relatively low CEC detection rate, which is restricted by detection methods and limits further applications of CECs. Bobek et al. [11] isolated CECs from the peripheral blood of EM patients through the use of porous polycarbonate membranes (pores with an 8-μm diameter). After in vitro culturing, the viable CECs were then identified by immunohistochemistry (IHC) with antibodies against the surface molecules of the epithelial and stromal cells, including pan-CK, CD10, and vimentin. Because of the limitations of the pore size of the membrane and in vitro culturing, only four cases had detectable CECs among the 17 EM patients, and the detection rate was 23.5%.
The CEC detection method established in this study not only significantly increased the sensitivity but also had a high specificity. Microfluidic chips, which have been extensively applied in CTC research, were employed for the isolation of CECs. [17] The micro-columns of the microfluidic chips that we used were arranged in a gradient and have been proven to be an effective means of isolation (>90%), resulting in a high purity (approximately 90%) of recovered CTCs. [13] Both small epithelial cells and large stromal cells could be captured using this chip, which increased the sensitivity, and the staining could be conveniently and directly performed without detaching and recovering the cells. Furthermore, our staining strategy had a high specificity for endometrial cells. Pan-CK/vimentin are surface markers for epithelial/stromal cells, and ERs/PRs are expressed on over 90% of epithelial and stromal cells in the endometrium. [18, 19] CD45 is expressed only on the surface of white blood cells [20] and is widely used for the exclusion of white blood cells from CTCs. [21] Our results showed that the CEC detection rate in EM patients reached 89.5%, whereas none of the patients diagnosed with ovarian cancer were positive for CECs. Considering that approximately 30-60% of ovarian cancer lesions also expressed ERs/PRs, [22] each case of ovarian cancer was analyzed by IHC and showed either negative or weakly positive staining (<10%) for ER and PR, which validated the results of the CEC assay.
This improved detection method for CECs makes its application to clinical diagnosis possible. Our results showed that CEC assay had good diagnostic characteristics for ovarian EM. Compared with CA125, CECs had better discriminative ability in Stage I-II EM patients. The detection of CECs was not influenced by the disease severity, which may provide an option for early diagnosis and monitoring of recurrences. A meta-analysis including 22 studies revealed that the sensitivity of CA125 for Stage I-II EM was only ~24.8%, which was significantly lower than that for Stage III-IV EM (~63.1%). Therefore, negative CA125 tests cannot exclude the presence of light-mild EM, [23] whereas the circulating micro RNAs, [24] biglycan/leptin ratio [25] and plasma brain-derived neurotrophic factor levels [26] were reported to be able to distinguish Stage I-II EM patients from the controls.
There are many practical aspects that favor the use of CECs as a clinical marker for EM. These cells are isolated from peripheral blood, samples of which can be easily collected with minimal invasiveness. Furthermore, the detection rate is not influenced by menstrual cycle phases; therefore, patients can be tested on the day they present to the clinic and do not have to wait for a specific cycle phase. More importantly, the current reported EM biomarkers are mainly molecules such as glycoproteins, cytokines, and RNAs, which may only reflect a single aspect of the disease. [27] As intact cells, CECs contain comprehensive information of genome, transcriptome, and the proteome and could reflect certain histological characteristics without invasive surgery. Therefore, through further studies such as omics analysis, quantitative counting, and gene sequencing, CECs are expected to become a target of liquid biopsies for EM, which could provide real-time and repeated "biopsies" for targeted drug screening, recurrence monitoring, and malignancy prediction to achieve precision medicine.
However, there are several limitations of the current detection method. First, determining the absolute quantity of the CECs captured by the microfluidic chip was unachievable because of certain technological drawbacks of the current detection system, which we will try to improve by automating the process. Second, malignant tumors such as ER/PR-positive breast cancers may inevitably interfere with this CEC detection method. [28] Furthermore, the shedding of vascular endothelial cells into the tubes during blood collection is also a confounding factor of this assay because these cells also express CK and ER/PR. [29] [30] [31] Although the second tube of blood was used for the CEC detection of each participant, there was still a possibility of contamination, which may explain the false positive cases in this study. Single-cell sorting and sequencing of the captured cells may be helpful to define more specific biomarkers of CECs.
In conclusion, CECs may be a promising biomarker for EM with great potential for the development of an early, noninvasive diagnostic assay, although our discovery phase study requires validation in a larger, multicenter study population. Further studies are needed to evaluate the relationship among the quality of CECs, characteristics of the ectopic lesions, and disease recurrence. 
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